Background and Purpose-The incidence of periprocedural brain infarcts varies among cardiovascular procedures. In a systematic review, we compared the ratio of radiographic brain infarcts (RBI) to strokes and transient ischemic attacks across cardiac and vascular procedures. Methods-We searched MEDLINE and 5 other databases for brain infarcts in aortic valve replacement, coronary artery bypass grafting, cardiac catheterization, and cerebral angiogram through September 2015. We followed the PRISMA (preferred reporting items for systematic reviews and meta-analyses) recommendations. We defined symptomatic rate ratio (RR) as ratio of stroke plus transient ischemic attack rate to RBI rate. Results-Twenty-nine studies involving 2124 subjects met the inclusion criteria. 
S ilent brain infarctions are clinically asymptomatic radiographic brain infarcts (RBIs) that are found in neuroimaging studies. Diffusion-weighted imaging (DWI) sequence has emerged as a gold standard for the detection of periprocedural RBIs because of its high sensitivity of detecting acute ischemic brain lesions. 1, 2 RBIs are common after routine invasive cerebrovascular and cardiovascular procedures. The frequency of periprocedural acute ischemic brain lesions on magnetic resonance imaging (MRI) is higher than clinically overt symptomatic brain infarcts, such as strokes and transient ischemic attacks (TIAs). Along with clinical cerebral infarcts, RBIs have been reported as a marker for the risk of certain surgeries or procedures. In a review on frequency of silent brain infarctions and symptomatic cerebral infarcts in common invasive procedures, such as carotid interventions, cerebral angiography, cardiac catheterization, and cardiac surgeries, including aortic valve replacement (AVR) and coronary artery bypass grafting (CABG), the study suggested periprocedural ischemic events might serve as a potential surrogate marker for optimizing invasive procedures. 3 For MRI DWI sequence to be useful surrogate marker for procedural complications, a firm relationship between stroke complications and RBI should be made. We performed a systematic review and meta-analysis of studies of clinical and RBIs after surgical AVR/repair (SAVR), transcatheter AVR (TAVR), CABG, diagnostic cardiac catheterization (coronary angiogram), and diagnostic cerebral angiogram. We hypothesized that there is a constant ratio of clinical-to-radiographic infarct rates across the different diagnostic procedures and cardiac surgeries, which may serve as a potential surrogate
Inclusion Criteria
Inclusion criteria were applied following the PICOS (population, intervention, comparator, outcome, and study design) approach. 4 An original study was eligible for our meta-analysis (1) if surgical AVR/repair (AVR), TAVR/transcatheter aortic valve implantation, CABG, diagnostic cardiac catheterization (coronary angiogram), or diagnostic cerebral angiogram were performed; (2) if brain MRI was performed systematically pre-and post-procedure along with a postprocedure clinical neurological examination; and (3) if new RBI and stroke incidence were reported after the procedures. We included study in any languages. Study designs included both retrospective and prospective observational studies and randomized controlled trials.
Exclusion Criteria
We excluded case reports, editorials, commentaries, meta-analysis articles, review articles, animal studies, and the articles with pediatric population (age <18). We excluded studies that reported infarct incidence in a common study population to avoid duplication and chose studies with larger and more inclusive studies. Exclusion of articles were discussed in detail among authors (S.-M.C. and K.U.).
Data Extraction and Management
Two reviewers (S.-M.C. and A.D.) assessed studies for inclusion and extracted information from articles, such as study design (study type and sample size), patient characteristics, and study procedures (type of interventions and method of stroke ascertainment), and study results (number of people with radiographic infarcts in MRI, number of people with clinical brain infarcts, and mean days of MRI performed after each procedure). Any disagreements were resolved by discussion with a third person (K.U.). The data were entered into a standardized pretested electronic form. Article authors were contacted for any information missing from the published article that was deemed relevant or for inquiry and concerns about overlapping cohorts in studies.
For diagnostic cardiac catheterization, we defined high-risk catheterization if diagnostic cardiac catheterization involved crossing of aortic valve with or without aortic stenosis because this carries a higher risk of embolism. We excluded the cardiac catheterization with intervention and also excluded if population is heterogeneous without separating intervention and nonintervention group. Diagnostic cerebral angiograms performed in temporal proximity to acute stroke were excluded because recurrent stroke, not procedural embolism, would add to the risk of infarction. Studies were excluded if postprocedural MRI was performed in a portion of study population with a concern of selection bias.
We utilized the stroke and TIA definitions of each study. When TIA and stroke were not clearly defined in the article, we used the updated definition of stroke and TIA in the American Heart Association/ American Stroke Association consensus statement from year 2013. 5 Both TIAs and strokes are included in clinical (symptomatic) brain infarcts, knowing that some TIAs may or may not have absent radiographic infarcts because the included studies do not specify this question.
Statistical Analysis, Assessment of Heterogeneity, and Risk of Bias
The main objective is to compare the rates of RBIs and clinical brain infarcts. A ratio between the 2 rates provides such a comparison in a single number. We calculated a symptomatic rate ratio (RR), such that RR=(stroke+TIA) rate/RBI rate. We decided that the RBI would be a denominator given that there were no zeros across the studies for RBI. We used random effects models with the inverse variance method. The RR is expressed with its 95% confidence interval (CI). Differences of RRs across subgroups were tested with a χ 2 text. A P<0.05 expressed differences across subgroups. Heterogeneity of RRs was tested with the χ 2 test with a P<0.1 indicating presence of heterogeneity. I 2 quantified the degree of heterogeneity (high heterogeneity >60%, low heterogeneity <30%, and intermediate heterogeneity between 30% and 60%).
The Newcastle-Ottawa Scale (NOS) was applied to evaluate risk of bias in 3 domains for cohort studies. 6 The NOS uses 2 different tools for case-control and cohort studies and consists of 3 parameters of quality: selection, comparability, and exposure/outcome assessment. The NOS assigns a maximum of 4 points for selection, 2 points for comparability, and 3 points for exposure or outcome. NOS scores of ≥7 were considered as having low risk of bias, and NOS scores of 5 to 6 were considered as having moderate risk of bias. Any discrepancies were addressed by a joint re-evaluation of the original article. To assess the risk of bias of randomized controlled trials, we used The cochrane collaboration tools, 7 each of the 8 items of this tool was judged as high risk, low risk or unclear risk. Studies with high risk of bias in the items related to randomization or blinding were judged as having high risk of bias. Case series studies were not evaluated for risk of bias because their design is of low quality. To check for publication bias, we used Egger regression asymmetry test and trim and fill method.
The RevMan 5.3. software (Copenhagen: The Nordic Cochrane Center, The Cochrane Collaboration, 2014) was used for all analyses.
Results
The literature search yielded 6332 articles (Figure 1) , of which 29 studies (2124 patients) met the inclusion criteria (Appendix 2 in the online-only Data Supplement). All studies had a shortterm follow-up with MR imaging and clinical neurological examination. Among the 29 studies, there were 17 cohorts in AVR, 4 cohorts in CABG, 10 cohorts in cardiac catheterization, and 8 cohorts in cerebral angiogram. MR DWI scan was performed pre-procedure in 27 studies and post-procedure in all 29 studies. Majority of the studies (24 studies: 83%) utilized 1.5 Tesla (T) MRI; 1 with 3.0 T, 1 with 1.0 T, and 3 studies without MRI information. The reported mean time to postprocedural MRIs was a median of 2 days (interquartile range, 1-6.5).
Risk of Bias Assessment
The NOS quality assessment was conducted on 18 cohort studies. For each meta-analysis of 3 end points, the NOS assessment did not indicate high risk of bias. The median NOS score was 6 (Table II in the online-only Data Supplement). The cochrane collaboration tool showed overall low risk or unclear risk of bias in 5 randomized controlled studies (Table  III in the online-only Data Supplement). Egger regression asymmetry test and trim and fill method were performed in AVR and cardiac catheterization subgroups because they have 10 or more studies. For the AVR group, the Egger test for plot asymmetry had a P=0.27 suggesting no asymmetry. The trim and fill method gave similar results to the original analyses suggesting low risk of publication bias. For the cardiac catheterization group, the Egger test for plot asymmetry had a P=0.78 suggesting no asymmetry. The trim and fill method gave similar results to the original analyses suggesting low risk of publication bias. Table 1 .4%) and heterogeneity within each procedure type was 0% except I 2 of 20% for cerebral angiogram (Table 1) .
Meta-Analysis: RR of Clinicalto-Radiographic Infarcts
In a meta-analysis of all AVRs, 69.4% (95% CI, 57.6%-81.4%) had infarcts on MRI, whereas 3.6% (95% CI, 2.0%-5.2%) had clinical strokes or TIAs (Table 1 ) with a RR of 0.08 (95% CI, 0.05-0.12). The reported RR differs from ratio of stroke and TIA percentage divided by infarct rate (ie, 3.6%/69.4%) because the RR is the weighted meta-analysis of ratio in each study. In a subgroup analysis, open AVR had 45.1% (95% CI, 10.0%-80.3%) of RBIs and 3.4% (95% CI, 0.5%-6.3%) of clinical brain infarcts. In TAVR, 80.3% (95% CI, 72.0%-89.0%) had RBIs, whereas 3.7% (95% CI, 1.7%-5.6%) had clinical brain infarcts. Both clinical brain infarct and RBI rates did not differ between SAVR and TAVR ( 
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October 2017 Figure 2 . Meta-analysis of rate ratios across 4 subgroups: aortic valve replacement/repair (AVR), coronary artery bypass graft (CABG), cardiac catheterization, and cerebral angiogram. CI indicates confidence interval.
In CABG, 27.4% (95% CI, 6.0%-48.8%) of patients had RBIs and 2.4% (95% CI, 0.3%-4.5%) had clinical brain infarcts. The RR was 0.11 (95% CI, 0.05-0.26). Comparison analysis between CABG with on-pump versus CABG with off-pump was performed, and the rates of clinical brain infarcts and RBIs were not significantly different between the 2 CABG types with P=0.5 and P=0.9, respectively. This analysis showed a low heterogeneity of RRs within these 2 subgroups (Table 1) . Further analysis on CABG versus AVR was conducted to investigate whether certain types of surgery carry higher risk for cerebral infarctions. The clinical brain infarcts did not differ in AVR versus CABG (P=0.7); however, RBIs were significantly higher in AVR when compared with CABG (P=0.01).
In diagnostic cardiac catheterization, 8.0% (95% CI, 4.1%-12.0%) of patients had RBIs and 0.6% (95% CI, 0.1%-1.1%) had clinical brain infarcts. The RR was 0.16 (95% CI, 0.08-0.31) for cardiac catheterization procedures. We further divided this group to high-risk versus low-risk cardiac catheterization. The high-risk and low-risk cardiac catheterization each had 10.8% and 5.2% clinical brain infarcts and 1.6% and 0.4% RBIs, respectively. The clinical brain infarcts and RBIs rates were not significantly different between these 2 subgroups (high risk versus low risk) with P=0.3 and P=0.5, respectively (Table 2) .
Diagnostic cerebral angiogram had 12.8% (95% CI, 6.6%-19.0%) RBIs and 0.6% (95% CI, 0%-1.3%) clinical brain infarcts. The RR was 0.10 (95% CI, 0.04-0.27) for diagnostic cerebral angiogram.
In addition, exploratory subgroup analysis was performed to see whether the RRs in 2 cardiac surgeries (AVR and CABG) differ from 2 diagnostic procedures (cardiac catheterization and diagnostic cerebral angiogram), and there was no difference in the RRs of AVR plus CABG versus cerebral angiogram plus cardiac catheterization subgroups (P=0.16; Figure I 
Discussion
Our primary aim was to assess the ratio between clinical infarcts and RBIs to see whether there is a consistent infarct ratio across different cardiac surgeries and diagnostic procedures. We calculated a symptomatic RR, defined as strokes+TIAs rate divided by RBIs rate, for the analysis. Our analysis was consistent with the hypothesis in that there is a consistent infarct ratio across the procedures, a symptomatic RR of 0.10 with low heterogeneity. In other words, in 29 studies with a total of 2124 patients, in ≈1 of 10 people with radiographic infarcts resulted in stroke or TIA symptoms. This ratio did not differ among different types of cardiac and diagnostic procedures (AVR, CABG, cardiac catheterization, and cerebral angiogram) or different times of publications (2010-2015 versus 1996-2009), which do not indicate that the ratio is heterogeneous, and we can expect a uniform percentage of procedural cerebral embolism to be symptomatic. Although we have known that clinically silent brain infarcts are common after invasive vascular procedures, clinical utility of this information has been limited. We propose that this ratio can be utilized in studies of procedural safety using MRIs and as a predictor of risk for periprocedural ischemic embolic events.
Interestingly, this constant symptomatic ratio of periprocedural infarcts is similar to the symptomatic ratios of chronic silent brain infarction reported in population-based studies. In a cohort of 1433 with 2 MRI scans with 5-year followup, 29 (11%) of 254 people with MRI infarcts had TIA or stroke in clinical history between the 2 MRI scans. 8 Another cohort of 1077 people was followed for a mean of 3.4 years with 2 MRIs and 93 people had new infarcts on MRI, of which 12 people (13%) had strokes or TIAs. 9 The similarity of the symptomatic brain infarct ratios between the silent brain infarction over time in the community and our study of acute periprocedural infarctions suggest the same underlying robustness or complexity of the brain that limits obvious symptoms. But subtle cognitive decline can be detected among people with acute periprocedural DWI lesions than those without, and chronic silent brain infarctions similarly are associated with increased risk of dementia.
10,11 Although we found symptomatic ratio of 0.1, we recognize that routine clinical examination would have picked up only classic stroke symptoms, and the quality of these examinations cannot be ascertained in this systematic review.
Isolated AVR and isolated CABG carry a relatively low incidence of perioperative stroke with 1.5% to 4% and 1% to 3% in AVR and CABG, respectively. [12] [13] [14] [15] [16] [17] [18] To compare periprocedural cerebral embolic complication risks to reduce them, event rates of <5% would require a large cohort of subjects. Studying a biomarker that has 10× the event rate would reduce the needed sample size. MRI is being used as a surrogate marker in cerebral protection device studies. 19 Compared with open AVR, it was suggested that TAVR carries a higher risk of stroke (1.5%-6%) in retrospective studies, 17 and 1 randomized controlled trial showed an increased risk of strokes at day 30 days in TAVR compared with SAVR (6.7% versus 1.7%) in high-risk population. 20 More recent study of intermediate risk population with newer device showed a similar risk of 30-day strokes in TAVR and SAVR. 21 Our analysis of nonrandomized samples showed a similar rate 
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of strokes and radiographic infarct rates between TAVR and SAVR. The reason for the lower incidence of stroke rates in our analysis might be because of early neurological assessment and MRI (mean time to postprocedural MRI scan within a median of 4.5 days), whereas the large clinical trials report 30-day complication rates. In CABG, similar to AVR, low rate of clinical infarct (2.4%) was observed, and RBIs were present in 27.4% (95% CI, 6.0%-48.8%) of people with RR of 0.11, demonstrating again ≈1 of 10 people with periprocedural RBIs resulted in neurologically symptomatic brain infarcts. Furthermore, the comparison analysis between CABG with on-pump versus off-pump showed comparable rates of clinical infarcts and RBIs, consistent with prior randomized controlled trial. 22 Diagnostic procedures carry a low risk of stroke (0.0%-1.0%) in cerebral angiogram 23, 24 and cardiac catheterization. [25] [26] [27] The ischemic embolic events are thought to be because of dislodged embolic debris from atherosclerotic plaques in aortic arch or major extra-and intracranial vessels. Therefore, it has been suggested that retrograde cardiac catheterization across an aortic valve may increase the risk of embolism, but our study did not find significant increase in risk. 28 A large number of studies and patients included for the analyses is the strength of our study. However, our study has several obvious limitations. Across the large number of studies, clearly the procedural details differ. But the goal of the study was to see the robustness of the ratio, despite variations in infarct and stroke rates. When the comparisons are infarct rates among different procedures, our comparisons across studies are limited by differences in procedural details, operators, and changes in procedural methodology that may occur over time. We are unable to account for differences in MRI methods across studies, including magnetic field strength, timing post-procedure, and interpretation that might affect sensitivity of DWI. Also, we have no information about the relationship between radiographic infarct numbers, size, and location in each patient to their symptomatic status because the images were not available.
Conclusions
One of 10 people with periprocedural RBIs during cardiac surgeries and invasive vascular diagnostic procedures resulted in strokes or TIAs, which may serve as a potential surrogate marker of procedural proficiency and perhaps as a predictor of risk for periprocedural strokes.
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